Angular leaf spot of beans (Phaseolus vulgaris L.), caused by
Phaeoisariopsis griseola (Sacc.) Ferraris, is a disease of worldwide occurrence (16) . The disease has recently become one of the main problems of bean crops in Brazil (48) . The pathogen causes lesions on leaves, pods, branches, and petioles and may cause severe defoliation. In the absence of adequate control, yield reductions of 45% in Brazil (48) and 80% in Colômbia (49) have been reported. A disease management system that is transportable in time and in space is urgently needed in Latin America.
The development and implementation of integrated pest and disease management systems require precise and accurate information on the damage caused by pests and pathogens. Damage is defined as any reduction in the quantity and quality of yield that results from injury (41) . Injury is any visible or measurable symptoms and signs caused by pathogens or pests (41) . Historically, to ascertain the effect of a disease on a crop, the single-point, multiple-point, and integral models (30) have been widely used to describe the relationship of disease severity to crop yield. Singlepoint and multiple-point models usually relate yield to disease severity at a single growth stage of the crop or at multiple growth stages, respectively. Integral models usually relate yield to the area under the disease progress curve (AUDPC). However, these models have not always been useful for predicting future damage. The lack of transportability of the models to other seasons and locales is due primarily to the great variation in the base yield of a disease-free crop and to the weak or indirect relationship between yield and disease.
In the approach described herein, yield is related directly to the variables HLAI (and HAD) and HRI (and HAA), rather than indirectly only to disease quantified on a proportional scale (30) . Recently, a book (8) , several review articles (9, 19, 20, (29) (30) (31) (32) , and research papers (2, [5] [6] [7] 13, 17, 25, 33, 40, 43, 45, 57 ) using these concepts have been published.
The objective of this study was to compare the approach based on the radiation captured by healthy leaf area on a given day or as integrated over the crop season and its relationship to yield versus the approach* based on the relationship of disease sevérity to yield. Secondarily, based on our results with angular leaf spot of bean, we propòse using HRI as a variable on which to base decision making to manage disease.
MATERIALS AND METHODS
Field experimente. Five experiments were carried out in 1993 and 1994 with cultivars Rosinha and Carioca: two in Piracicaba, São Paulo, SP (22°S, 47°W, elevation 540 m), and three in Londrina, Paraná, PR (23°S, 51°W, elevation 585 m). In the Piracicaba trials, Rosinha was sown on 5 March 1993, and Carioca on 14 April 1994. These trials will be referred to hereafter as Rosinha SP/March and Carioca SP/April, respectively. In the Londrina trials, Rosinha and Carioca were sown on 18 May 1993, and Carioca on 30 August 1993. These trials will be referred to hereafter as Rosinha PR/May, Carioca PR/May, and Carioca PR/August, respectively. Ali trials followed the same experimental design, with 16 plots. Each plot (10 m 2 ) consisted of six rows, 4 m long, spaced 0.5 m apart. Twelve seeds were sown and 10 plants were allowed to grow per linear meter of row. The plots were maintained with the conventional cultural practices used in commercial fields, including planting and topdressing fertilization, insecticide (methamidophos) sprays, weeding, and, when necessary, overhead irrigation. The trials were planted in areas intensively utilized for éxperimentation with bean crops, except for one of the Piracicaba trials, in which cultivar Rosinha was planted in virgin soil.
To establish several treatments varying in amount of disease, the plots were inoculated, always at nightfall, with P. griseola at inoculum concentrations of 0, 10 2 , 10 4 , or 10 6 conidia ml¯1. For this, the fields were divided into four strips vertically and four strips horizontally (four plots per strip). The fields were inoculated in one direction one time and in the perpendicular direction the next time, with an interval of 7 to 10 days between inoculations. By this procedure, one of the 16 plots was never inoculated (0 concentration), one plot always received 10 6 conidia ml¯1 at each inoculation, and 14 plots were inoculated with the various intermediate combinations of concentrations. Inoculations were initiated at the V2-V3 growth stage (52) . The number of inoculations varied from two to five. The plot which did not receive inoculum was sprayed weekly with benomyl or with fentin hydroxide, with the objective of obtaining entirely healthy plants. After each inoculation, the plots were covered with black plastic supported by an iron frame until the next morning to provide adequate conditions for infection.
Crop growth, disease severity, and yield. Crop growth, disease sevérity, and yield were evaluated in the two central rows of each plot (disregarding 0.5 m at each end of the row). The singleplant approach was adopted (27) , in which six plants in each plot were marked with plastic tape, and thus a total of 96 plants per trial were assessed routinely. The plants were marked after the appearance of the first trifoliolate leaf, and individual plants of similar height and vigor were selected. portion of radiation that is intercepted by the canopy (37) . Based on Beer's law (37) , this proportion is a function of LAI, so that RI = I(1 -exp(-k LAI)), in which k (extinction coefficient) is a dimensionless constant. Thus, if RUE is considered constant and (1 -X) is the proportion of healthy leaf area, yield can be related to RI as (54) The leaf area (LA, cm 2 ) of ali leaves on each marked plant was estimated weekly, starting from the appearance of the first trifoliolate leaf. For this, the maximum width of the central leaflet of each leaf (L, cm) was measured with a ruler. LA was estimated for both cultivars from the empirical relationship (22) Assessment of the sevérity of angular leaf spot was simultaneous with the evaluation of leaf area, with the aid of a diagrammatic scale (9) , with which the mean sevérity (percent) for the three leaflets of ali leaves on ali marked plants was estimated. Even though defoliation was observed, it was not quantified. The cultivars Carioca and Rosinha have indeterminate, polybrachiate growth habits, and it was difficult to identify specific leaves in sequential assessments. Thus, the number, area, and original attachment of fallen leaves were not determined. At each evaluation, the host growth stage was determined, according to the descriptive scale of van Schoonhoven and Pastor-Corrales (52): V0 = germination; VI = emergence; V2 = primary leaves open; V3 = first trifoliolate leaf; V4 = third trifoliolate leaf; R5 = pre-flowering; R6 = flowering; R7 = pod formation; R8 = pod filling; and R9 = physiological maturity.
Yield was determined for each marked plant at the end of the crop cycle by weighing the seeds (with 12% moisture). The results were expressed in g m¯2. In the two trials in Piracicaba, Carioca was harvested 80 days after sowing, and Rosinha at 84 days. In the three trials in Londrina, Rosinha was harvested 108 days after sowing, and Carioca at 118 days after the May planting and 86 days after the August planting.
Integral variables. The AUDPC value for each plant was calculated by trapezoidal integration (e.g., 17): in which Xi = X(ti), n is the number of assessments, X is disease severity (percent) and (ti+1 -t i ) is the interval between two consecutive assessments.
The LAI values were obtained by dividing the total leaf area of each plant on each day of assessment by the area occupied per plant (0.05 m 2 ). HAD (days) for each plant or group of plants was calculated as in which LAI, = LAI(ti). The HLAI value for each evaluation date was calculated as HLAI = LAI(1 -X). The RI, values (MJ m¯2) were given by in which 7, is the average incident solar radiation (MJ m¯2) in the period (ti+1-ti), and k is the extinction coefficient; £ = 0.7 for both cultivars (34) . The HAA value (MJ m¯2) for each plant was calculated as
The HRI value (MJ m¯2) for each assessment date was calculated from the formula HRI = RI(1-X). Incident solar radiation (7) was measured at meteorological stations located less than 500 m from each trial.
Data analysis. The relationship of yield to HAD and to HAA was examined by linear regression performed by STATISTICA software (StatSoft, Tulsa, OK). The relationship of yield to HLAI and HRI was examined by linear regression forced through the origin, also performed by STATISTICA. The relationship of the slope coefficients from the latter analyses and growth stages was examined by nonlinear regression with PlotlT software for Windows (Scientific Programming Enterprises, Haslett, MI). (Table 1 ). The inoculations with different concentrations of P. griseola resulted in plots with a range of angular leaf spot severity in each trial. Healthy plants (AUDPC = 0) were present in ali trials, and plants with severe infection (>10% severity) occurred in at least three of the five trials (Table   1 and Fig. 1 ). The average yield ranged from 147>7 g m¯2 for Carioca SP/April 1994 to 302.5 g m¯2 for Rosinha SP/March 1993, respectively (Table 1) .
RESULTS
With the exception of Rosinha SP/March, no relationship between AUDPC and yield was found ( (Fig. 2) ; i.e., plants with a higher disease severity also had larger leaf areas. The maximum HLAI value was lower than 3 in ali trials except for Rosinha SP/March, in which the maximum HLAI was close to 5. The yield of both the healthiest and the most-diseased groups in ali five trials was positively related to HAD and HAA. However, AUDPC was negatively re- (Table 2) .
Most-inoculated versus noninoculated plots. The relationship between the severity of angular leaf spot, HLAI, and HRI was also investigated by comparing the plot that received the highest dose of inoculum and the plot that did not receive inoculum in each trial (Fig. 3) . The plots that received the highest dose of inoculum in trials Rosinha SP/March 1993, Carioca SP/April 1994, and Carioca PR/August 1993 had higher angular leaf spot severities than the corresponding noninoculated plots. However, the plot of Rosinha PR/May 1993 that did not receive inoculum had a higher severity than the corresponding inoculated plot. The mostinoculated and the noninoculated plots in Carioca PR/May 1993 had low severities, at similar levels. Conversely, the HLAI and HRI data showed coherence; i.e., in ali trials, higher HLAI and HRI were always characteristic of noninoculated plots, regardless of the disease severity. Thus, HLAI and HRJ quantified crop health more realistically and sensitively than did disease severity. Even when disease severity remained under 0.2%, e.g., in the Carioca PR/May trial, the plots differed in HLAI (1.52 ± 0.11 for the noninoculated plot, compared with 0.89 ±0.19 for the inoculated plot, at 93 days after planting). High severity (>10%), e.g., in the Rosinha SP/March trial, also caused differences in HLAI (4.36 ±0.39 for the noninoculated plot, compared with 1.54 ± 0.38 for the inoculated plot, at 64 days after planting) (Fig. 3) .
Yield, whether for the plot with high inoculum or for the noninoculated plot, in ali five trials, was always positively related to HAD and HAA (Table 3) . AUDPC, in turn, was negatively related to yield in the Rosinha SP/March, Carioca SP/April, and Carioca PR/August trials. Conversely, in the Rosinha PR/May trial, AUDPC was positively related to yield. In the Carioca PR/May trial, the plots had similar AUDPC values, but greatly different yields (Table 3) .
HAD and HAA. The relationship between yield and HAD, for ali the marked plants, was investigated for each of the five trials ( Fig. 4A and B and Table 4 ). In ali cases, yield increased linearly with an increase in HAD (P < 0.001). The coefficients of determination (R 2 ) were high for this kind of experiment, ranging from 57.1 to 70.2%, with the exception of the Rosinha SP/March trial, for which R 2 = 29.9%. The regression lines for the two trials with cultivar Rosinha were not significantly different and were combined into one equation: yield = 29.14 + 1.81 HAD, with R 2 = 55.6% (Table 4 ). This was not true for the three trials with cultivar Carioca, in which the slopes were different (P < 0.05) in ali experiments, and the intercept value for Carioca SP/April was significantly different from the other two.
In the five trials, yield increased with HAA ( Fig. 4C and D and Table 4 ). The linear relationship was satisfactory for ali trials except Rosinha SP/March. In this case, the yield-HAA relationship was linear only for plants with HAA < 350 (Fig. 4C) . These plants were characterized by a maximum HLAI < 3.0. For HLAI > 4.0, the linearity of the relationship was lost. For HLAI = 4.3, for example, the radiation absorbed (f) by the plant canopy, according to Beer's law f= 1 -exp(-k LAI), had already reached 95% (for k = 0.7). The relationship between yield and HAA for Rosinha SP/March was more exponential than linear: yield = 5.32
Days after planting Growth stages (Figs. 2 and  3) .
In the remaining trials, including Rosinha PR/May, a significant linear relationship (P < 0.001) between yield and HAA was found ( Fig. 4C and D) . The coefficients of determination varied from 52.3 to 70.3%. The equations for the three Carioca trials did not differ greatly and were grouped into one equation: yield = -112.33 + 0.79 HAA, with R 2 = 63.4% (Table 4) . HLAI and HRI. The relationships between yield and the individual values of HLAI and HRI in the main bean growth stages were determined for the five trials ( Table 5 ). The slopes of the regression lines between yield and HLAI (intercepts forced through the origin) started quite high and were quite variable at growth stage V3 (500.
and then tended to stabilize around two distinct levels at growth stages R5-R8: a mean (± Standard error) of 82.7 ± 10.9 for Rosinha SP/March, Rosinha PR/May, and Carioca SP/April and a mean of 202.7 ± 29.6 for Carioca PR/May and Carioca PR/August (Fig. 5A) . Apparently, the lower curve in Figure 5A was related to more vigorous plants (HAD in the noninoculated plots in those trials varied between 86.45 ±4.11 and 166.6 ± 9.75; Table 3 ). The higher curve in Figure 5A was related to less vigorous plants; HAD in the noninoculated plots in both trials ranged from 48.19 ±5.88 to 76.42 ± 5.86 (Table 3 ). The beta function fitted well to the average of the slopes for the two groups in Figure 5A Fig. 5A) , and s = 1571.7 x (GS¯1 1770 ) x (7.1 -GS)¯0 3288 , with R 2 = 89.0% (the dashed line in Fig. 5A ), in which s is the slope of the yield-HLAI linear relationship, and GS is the growth stage (V3 = 1, V4 = 2, R5 = 3, R6 = 4, R7 = 5, R8 = 6, and R9 = 7).
The yield-HRI linear relationships (intercepts forced through the origin) also began with high and variable slopes (g MJ¯1) at growth stage V3 (70.4, 90.7, and 144.3 for Rosinha PR/May, Carioca PR/May, and Carioca PR/August, respectively). Unlike the yield-HLAI relationship, however, the coefficients for the yield-HRI linear relationship in ali five trials stabilized around 26.8 ± 2.4 (mean ± Standard error) at growth stages R5-R8 (Fig.  5B) . A good fit to the average of slopes of the five trials in the different growth stages was achieved with the beta function: s = 160.2 x (GS¯1 0985 ) x (7.1 -GS)¯0
2576
, with R 2 = 71.0% (Fig. 5B) .
DISCUSSION
In four of the five trials described in this paper (the exception was Rosinha SP/March), no relationship between yield and AUDPC was found (Fig. 1) . Although data similar to these are not rare in the literature (11, 13, 22) , the absence of a relationship between yield and AUDPC is more common when data from different seasons or locales are compared (19, 20) . The lack of a relationship between yield and AUDPC in four of the trials in this study, even when the data from each trial were analyzed individually, was probably due to three main reasons: (i) intense defoliation caused by the pathogen, (ii) the lack of an estimate of defoliation in our disease assessment method, and (iii) the indeterminate growth habit of the host.
The analysis of the healthiest plants in comparison with the most-diseased plants supports the hypothesis that the three aforementioned reasons played a role in the association of plant variables versus yield (Fig. 2) . In four trials, there was a strong association between higher disease severity and greater leaf area, a phenomenon already reported for the potato-P hytophthora infestans pathosystem (46), and appropriately described by Waggoner (53) the "paradox of defoliation of diseased leaves decreasing X." This paradox has elicited attempts to adjust X (disease severity) for defoliation (44, 50) ; however, the results have not always been satisfactory (2). Higher AUDPC in three of the four trials was related to higher yields (Table 2) , a paradox that has also been discussed in the literature (2,54). Models based on disease severity can succeed only when leaf area is the same in the treatments that are being compared. The same proportion of disease severity (X) on different leaf areas would not have the same impact on yield. This is especially true for pathosystems in which defoliation is a major part of the disease syndrome and for hosts with an indeterminate growth habit. The yield of the groups of 10 plants analyzed (the most-diseased versus the healthiest plants) (Fig. 2) was always positively correlated with variables derived from HLAI (HAD and HAA) ( Table 2 ).
The effect of disease severity on yield, which could not be demonstrated by the analysis of the healthiest versus the mostdiseased plants, becomes evident in the analysis of the mostinoculated versus the noninoculated plots (Fig. 3) . In ali five trials, plots that received inoculum had lower values of HLAI (and HAD) and HRI (and HAA), and consequently lower yields ( Fig. 3 and Table 3 ). Defoliation is the main consequence of angular leaf spot. The disease quantification based only on a diagrammatic scale of severity on the remaining leaves was inadequate. The same situation is likely to occur in many other plant pathosystems, a condition that has been underestimated (26, 28, 53, 54) in many pathosystems. The Rosinha SP/March 1993 trial was the only one that exhibited a negative relationship between yield and AUDPC ( Fig. 1 and , Table 2 ) and between disease severity and HLAI or HRI. These negative relationships were found in the analysis of the healthiest versus the most-diseased plants (Fig. 2) , as well as in the analysis of the most-inoculated versus the noninoculated plots (Fig. 3) . The Rosinha SP/March trial was different from the others primarily in the greater leaf area of its plants (Figs. 2 and 3 ). This greater growth was perhaps due to the virgin soil in which it was planted, and the average yield was almost twice as high as that of the other trials (Table 1) . Vigorous plants seem to be less subject to defoliation, as diseased leaves remain attached to the plant. With this lack of defoliation, yield was related to AUDPC from disease severities estimated with diagrammatic scales.
The yield-AUDPC relationship in the Rosinha SP/March trial was reasonably described by an exponential model. Mumford and Norton (38) called this relationship a "type I curve," and Johnson (23) theorized that curves of this type indicate that the RUE of the remaining, apparently healthy, green tissue of the host is affected by the pathogen. Thus, diseases of this group injure their hosts not only by the decline of HLAI and, consequently, HRI, but also by the decline in RUE. Numerous examples are described in the literature (4, 23, 33, 45) .
The linear relationship between yield and HAD in ali trials described in this paper (Table 4 and Fig. 4A and B) contrasted with the curvilinear relationship (the Gompertz curve) originally proposed by Waggoner and Berger (54) for the peanut-Cercosporidium personatum pathosystem. The curvilinear relationship was confirmed for the same pathosystem by Aquino et al. (2), and this implied an asymptotic level for yield. In the case of cultivars Rosinha and Carioca, yield increased linearly and nonasymptotically with increased leaf area (at least to HLAI = 5). This relationship was due to characteristics peculiar to these cultivars, such as pod production at the base of each leaf and indeterminate growth habit. A linear relationship between yield and HAD has been observed in other pathosystems, such as barley-Erysiphe graminis f. sp. hordei (14) , potato-Phytophthora infestans (46) , potatoAlternaria solani-Verticillium dahliae-Empoasca fabae (26) , lomalo-Septoria lycopersici (17) , and wheat-Pwccm/a striiformis (13) . Recently, even in the peanut-Cercosporidium personatum pathosystem, a linear relationship between yield and HAD was determined (40) .
Following the example reported by Rotem et al. (46) in the potato-P infestans pathosystem, different production situations (56) correspond to different relationships between yield and HAD. This was demonstrated in our trials with cultivar Carioca (Table 4 and Fig.  4B ), in which different seasons and locations are characterized by different slopes (P < 0.05). The contrary, however, was true for the yield-HAA relationship (Table 4 and Fig. 4D ). In this case, also for the cultivar Carioca, three different production situations were adjusted to a single equation: yield = -112.33 + 0.79 HAA, with R 2 = 63.4%. From data obtained by Rotem et al. (46) on the potato-P infestans pathosystem in different production situations, Waggoner and Berger (54) in their analysis arrived at similar results.
The yield-HAA relationship, however, is not always linear, as considered by many authors (19, 30, 35, 54) . Actually, the shape of this relationship depends on several factors, especially HLAI, k (extinction coefficient), and the growth habit of the plant. In the Rosinha SP/March trial, because of high HLAI values (mean of 4.36 ± 0.39 at 64 days after planting), the yield-HAA relationship was more exponential than linear (R 2 = 46.7% and R 2 = 42.0%, respectively). The exponential growth would occur with the yield-HAA relationship for the peanut cultivar Florunner, described as linear by Waggoner and Berger (54) , if these authors had used k = 0.9 (18), or even k = 0.74 (12) , instead of k = 0.412.
With the exception of the Rosinha SP/March trial, the RUE values (g MJ¯1) showed little variation: 0.53 ± 0.03 in the Rosinha PR/May trial and between 0.73 ± 0.05 and 0.83 ± 0.09 in the other trials with cultivar Carioca (Table 4 ). The average RUE (± standard error) in the four trials was 0.70 ± 0.06 g MJ¯1. This value, corrected for total dry matter by a factor of 2.5 (1) and considering 12% moisture in the seeds, corresponds to a RUE of 1.54 g MJ¯1. This value for RUE is within the limits of 1.2 and 1.7, cited by Russell et al. (47) for C 3 plants.
For Vicia faba and Ascochyta fabae, Madeira et al. (33) found RUE values of 1.19 g MJ¯1 for diseased plants and 1.45 g MJ¯1 for healthy plants (P < 0.01). With our inability to determine the area of defoliated leaves, it is impossible to estimate with precision the RUE of healthy plants and those attacked by P. griseola. A rough estimate, however, may be obtained from the relationship between the yields of the most-inoculated and the noninoculated plots and the respective HAA values (Table 3) . With the exception of the Rosinha SP/March trial, the values scarcely differed; e.g., the values for the most-inoculated and the noninoculated plots, respectively, were 0.50 and 0.46 g MJ 1 in Rosinha PR/May, 0.45 and 0.45 g MJ¯1 in Carioca SP/April, 0.56 and 0.59 g MJ¯1 in Carioca PR/May, and 0.62 and 0.65 g MJ¯1 in Carioca PR/ August. This could be interpreted to mean that P. griseola did not affect the photosynthetic efficiency of the healthy tissue of diseased plants in these four trials. Under controlled conditions and with an infrared CO 2 analyzer, a significam reduction in RUE was found in plants attacked by the pathogen (3): for the cultivar Rosinha, 32.4 ± 4.8% disease severity reduced the net assimilation rate of CO 2 by 47% (from 7.89 + 0.99 to 4.16 ±0.59 umol CO 2 m¯2 s¯1, P < 0.05); for the cultivar Carioca, 11.8 ± 2.0% disease severity reduced the net assimilation rate of CO 2 by 26% (from 7.21 ± 0.96 to 5.33 ± 0.67 umol CO 2 m¯2 s¯1, P < 0.05). An explanation for this apparent contradiction between Bassanezi's results (3) and our estimates may be found in the characteristics of angular leaf spot; i.e., strongly attacked leaves do not remain attached to the plant for a long time under field conditions. In our four mentioned trials, severities above 15% were never found. What was estimated by the yield-HAA relationship in these trials, therefore, was the RUE of bigger and smaller plants with similar disease severity. It is noteworthy that the RUE for the most-inoculated plots (0.36 g MJ¯1) and the noninoculated plots (1.13 g MJ¯1) in the Rosinha SP/March trial were quite different. In this trial there was a maximum severity of 29.5% and a higher tendency to retain diseased leaves, and therefore a strong reduction seemed to occur in the RUE of green, apparently healthy tissue of diseased plants.
The results presented in this paper show the superiority of the approach based on HAD-HAA (Figs. 4 and 5) over that based on severity of visible disease (or AUDPC) (Fig. 1) for the quantification of damage in the Phaseolus beans-P. griseola pathosystem. In recent studies, even for pathosystems with a stronger relationship between disease severity and yield, the approach based on HAD-HAA has provided better results (2, 13, 17, 20, 21, 40, 57) . In addition, the HAD-HAA concept is regarded by many (10, 19, 24, 27) as the ideal approach, or the only one (25) , that will provide reproducible interpretations of the crop losses induced by complex, multiple disease-pest infestations.
For decision making, however, integral variables (such as HAD and HAA) are not the most appropriate (30) . It would be better to develop more empirical single-point-type models using HLAI or HRI to estimate yield at various times during a cropping season, rather than automatically integrate these variables to obtain HAD and HAA. The results shown in Figure 5B and Table 5 are promising. The slope of the yield-HRI relationship was shown to be stable (26.8 ± 2.4 g MJ¯1), regardless of cultivar, location, planting time, and bean growth stage (from R5 to R8). This stable level is in contrast with the instability of the original damage threshold based on pest or pathogen population size (51), which compelled Zadoks (58) to coin the terms sliding, fluctuating, and dynamic thresholds. Thus, HRI seems to incorporate the ideal conditions to be the key explanatory variable of a transportable disease management system, a system that can be used to produce precise
Growth stages
Growth stages recommendations at the farm level. For this, Lopes et al. (29) proposed the adoption, for each production situation (56), of a disease-free "control plot." Each production situation should be the most homogeneous possible with regard to factors influencing yield, such as soil, microclimate, cultural practices, and cultivar. Based on the yield-HRI relationship and using information on the efficiency of the possible control measures and on the costs involved, a conceptually new damage threshold is determined. The threshold is no longer expressed in insects per plant or severity of visible disease, both of uncertain relationship with yield (54), but in units of HRI (MJ m¯2). Thus, control measures will only be recommended when the difference between the HRI of the control plot and the HRI of the crop is equal to, or higher than, the damage threshold (29) .
Despite the nonexistence of data on the control effect in HRI for angular leaf spot, an approximate calculation may be on the degree of sensitivity with which the HRI should be determined in the decision making process. The slope of 26.8 g MJ¯1 (in growth stages R5-R8) means that each unit of HRI represents a yield increase of 268 kg ha¯1 (on the assumption of 200,000 plants ha ¯1). If $40 ha¯1 is considered the control cost of P. griseola (equivalem to approximately 96 kg of beans), we come to the required accuracy of 96/268 = 0.36, or approximately 1/3 of a unit of HRI, which is also a rough estimate of the damage threshold based on HRI for the conditions in southeastern Brazil. This means, in terms of HLAI, which is the variable really quantified in the field, an accuracy in the order of 1/20 unit of HLAI for bean crops with HLAI of 0.2, 1/10 for 1.2, 1/5 for 2.2, 1/3 for 2.9, 1/2.5 for 3.2, 1/2 for 3.5, and 1/1 for 4.5 (values calculated for mean radiation of /= 12.0 MJ m¯2 and k = 0.7). Similar results can be obtained with the employment of HLAI instead of HRI ( Fig. 5A and Table  5 ). Compared with the HRI, HLAI has the disadvantage of being influenced by the production situation.
To satisfy the requirements for decision making based on the HLAI-HRI approach, new demands are placed on the scientist and on the farmer in the assessment of the crop during the season. They must assess, as usual, the proportion of total leaf area that is affected by disease. The assessment of disease is facilitated by pictorial and diagrammatic keys. In addition, the leaf area (to estimate LAI) must be determined at frequent intervals. To assess the leaf area of a plant, diagrammatic scales for the sizes of leaves or the sizes of whole plants are helpful assessment tools (42) . Such methods, however, may not have the required accuracy to permit decision making. The determination of the width of the central leaflet of each leaf on marked plants, as in this study, has the required accuracy and is inexpensive and nondestructive. However, this method involves a tremendous amount of field work, which makes its large-scale implementation infeasible. Recently, several electronic instruments, such as a sun-fleck ceptometer (15) and a multispectral radiometer (39, 40) , have been tested to estimate leaf area and LAI, with promising results for both research studies and precision farming systems (20) . 
